The formation of protective Al 2 O 3 thin layers on Cu-Al dilute alloys and their effect on the oxidation resistance has been investigated at high temperatures. Since selective and preferential oxidation of Al in Cu-Al alloys would take place under the very low oxygen pressures, Cu-Al (Al: 0:22 mass%) alloys were annealed at various temperatures in H 2 and/or Ar atmosphere. Continuous stable Al 2 O 3 thin layers were formed on the specimens annealed in Ar after H 2 annealing. Owing to the protective thin Al 2 O 3 layers, the high temperature oxidation rates decreased to about 1/20 to 1/40 times lower than that of pure Cu.
Introduction
Recently, Cu has been used widely as an advanced metallization material for ULSI due to its excellent electrical conductivity and good resistance to electromigraition. 1, 2) However, there are some problems in fabrication process, for example, surface oxidation of copper. 3, 4) Furthermore, copper base alloys are used for electrical parts such as lead frame and connector, and surface stabilization of them is required for applying them to microelectronics. Several studies on oxidation of Cu alloys have been performed, and Al, Ti and Cr have been reported to be useful as alloying elements for improving the oxidation resistance of copper. 5, 6) Since the electrical resistivity increases with the increase in the solute concentration, the improvement in the oxidation resistance of Cu alloys should be realized with a low content of the alloying element.
Among the alloying elements for improving the oxidation resistance, Al is one of the most effective candidates, because Al 2 O 3 is thermodynamically the most stable oxide. 7) If an external protective thin Al 2 O 3 layer could be formed on CuAl alloys by a preferential oxidation of Al, the oxidation resistance should be further improved even with a low content of Al. 5, 8, 9) Price and Thomas 5) reported that the increase of oxidation resistance Cu-2 and -5%Al alloys was observed by annealing them in H 2 þ H 2 O mixtures at 1073 K to form Al 2 O 3 layer on the specimens. However, kinetic measurements and the experiments using more dilute Cu-Al alloys have not been carried out.
In the present study, we examined the formation of protective Al 2 O 3 thin layer by a pre-treatment of Cu-Al dilute alloys (Al: 0.2, 0.5, 1.0 and 2.0 mass%) under very low oxygen pressures (H 2 and/or Ar), and also their effect on the oxidation resistance at high temperature.
Experimental
Buttons of Cu-Al dilute alloys (Al: 0.2, 0.5, 1.0 and 2.0 mass%) were prepared by hydrogen plasma arc melting 10) of commercial 6 N Cu and 5 N Al and then annealed at 973 K for 24 h (86.4 ks) in H 2 atmosphere to homogenize the alloys. The alloys were cut and cold-rolled into sheets with 0.5 mm thickness, followed by mechanical and electrical polishing. The specimens for oxidation experiments were prepared by punching to discs with 5 mm in diameter, and annealed in H 2 atmosphere at 873 K for 24 h to remove the stress, 11) homogenize the specimen and initialize the specimen surface. The dew point of hydrogen measured at the outlet of the annealing furnace is below 193 K.
In order to form an external protective Al 2 O 3 layer by preferential oxidation of Al without oxidation of Cu, the specimens were annealed at 1173 and 1273 K, and then furnace was cooled under pure Ar (>99:9999%, O 2 < 0:1 ppm) atmosphere with a very low oxygen partial pressure. Oxidation of pure Cu, annealed in H 2 atmosphere at 873 K for 24 h, was also done in the same manner. Secondary ion mass spectroscopy (SIMS, UHVAC-PHI SIMS6600) was used to investigate the distribution of Cu, Al, and O in the external oxide layers on the surface of the Cu-Al dilute alloys pretreated under the various annealing conditions. The surface oxide layer of the Cu-Al dilute alloys was observed by an optical microscope after the high temperature oxidation. Figure 2 shows SIMS depth profiles of Al, Cu and O from the surface of the Cu-Al (Al: 0.2 and 2.0 mass%) alloys with or without Ar annealing at 1173 K after H 2 annealing at 873 K. It was found that continuous thin Al 2 O 3 layers were formed even by the H 2 annealing, and the thickness of Al 2 O 3 layer formed by the Ar annealing became rather thicker than that on the former. This indicates that the H 2 atmosphere used in the present experiment has oxygen potential enough to oxidize Al and that the oxygen potential in Ar atmosphere is higher than that in H 2 atmosphere. In addition, the concentration of Cu in the surface oxide layers was observed to be very low compared with the Al content in the surface and with the Cu content of Cu-Al alloys. Therefore, it was confirmed that the continuous Al 2 O 3 layer could be formed on the Cu-Al dilute alloys by a preferential oxidation of Al during the annealing in Ar and also H 2 . The Al 2 O 3 layer formed in the H 2 atmosphere is found to play an important role to determine the subsequent formation of thicker protective Al 2 O 3 layer by annealing in Ar atmosphere. The Al 2 O 3 layer formed on the Cu-Al alloys with only Ar annealing at 1173 K without the first H 2 annealing was revealed to be not compact but rough. Consequently, the rate of the Cu-Al alloys became higher than that of pure Cu. Therefore, it has been realized that the pre-annealing in H 2 before the Ar annealing is needed for the formation of the stable surface Al 2 O 3 layer. This initial oxidation layer must be formed at a very slow rate limited by extremely low oxygen potential or slow diffusion of Al solute atom. The latter is deduced by the existence of Al depletion zone at the boundary between Al 2 O 3 layer and Cu-Al alloy as seen in Figs. 2 a) and b). Figure 3 shows the mass gain of the Cu-Al alloys pretreated under different conditions as a function of oxidation time under 0.1 MPa O 2 at 973 K. In the figure, a represents the specimen annealed in only hydrogen, and B and C show those annealed in Ar at 1173 K and 1273 K, respectively. The result on pure Cu is also shown in the figure for comparison. As shown in Fig. 3 , the oxidation rate of the Cu-Al alloys decreased markedly due to the pretreatments compared with that of Cu. Cu-Al alloys (A) annealed in H 2 shows slight decrease of oxidation rate compared with that of Cu, and subsequent treatment in Ar (B and C) shows further improvement of oxidation resistance. Annealing at 1173 K is more effective than 1273 K and the tendency is clearer at the lower Al concentration.
Results and Discussion

Formation of surface Al
2 O 3 layer
Improvement in oxidation resistance
The oxidation rates of the Cu-0. could be improved by the addition of Al to Cu, and further improvement could be achieved by the existence of the surface Al 2 O 3 layer formed in the pre-oxidation treatments. Although the very thin Al 2 O 3 layer formed in H 2 annealing was less stable and less effective for oxidation resistance than the Al 2 O 3 layer formed in Ar annealing, it is required to form protective Al 2 O 3 layer during subsequent annealing in Ar atmosphere as discussed above. Figure 4 shows the mass gain of Cu-Al alloys measured at 1073 K under the similar conditions to those in Fig. 3 . As seen in Fig. 4 , it is found that the oxidation rates of Cu-0.2, -0.5 and -1.0 mass%Al specimens annealed in Ar atmosphere (B and C) increases and become close to those of the specimens annealed only in H 2 and pure Cu. However, the oxidation rate of 2.0 mass%Al specimen annealed in Ar atmosphere (B and C) is still considerably lower than that of the specimen annealed only in H 2 atmosphere (A). Figure 5 shows the parabolic plots of the mass gain for pure Cu and the Cu-Al dilute alloys (A of Fig. 4 Figs. 3 and 4 , except for the Cu-2.0 mass%Al oxidized at 1073 K) obeyed the parabolic rate law due to the parabolic plots being straight lines with time as indicated in Fig. 5 . On the other hand, the oxidation of the Cu-Al alloys annealed in Ar atmosphere (B and C) does not obey the parabolic rate law but almost followed the liner rate law at 973 K. However, the mass gain of the specimen (C) annealed at 1273 K in Ar atmosphere increases and changes to the parabolic rate law at 1073 K. This result also suggests that the protective Al 2 O 3 layer formed by annealing in Ar at 1173 K is more stable and more effective for oxidation resistance than that at 1273 K. Figure 6 shows the cross sectional microstructure of Cu-0.2 mass%Al alloy annealed in Ar at 1173 K oxidized under 0.1 MPa O 2 for 3 h at 1073 K. The scale of CuO and Cu 2 O was not continuous but isolated like island, and there exists the Al 2 O 3 thin layer between islands and, furthermore, even at the interface of CuO and Cu 2 O phases in the Cu oxide islands, observed by EPMA, as shown in Fig. 6 . This indicates that the Al 2 O 3 thin layer was protective and suppressed the oxidation rate. In addition, the oxidation rate probably corresponded to the lateral growth of Cu oxide islands and became to obey the linear rate law. According to a literature, 13) when the oxidation was controlled by diffusion of the reactants through a protective thin oxide layer with constant thickness, it would follow the linear rate law. Then, if the diffusion of Cu and/or O through the interfacial thin Al oxide layer between CuO and Cu 2 O was a rate limiting step, the lateral growth of Cu oxide scale should follow the linear rate law. Though, in the case, it must be assumed that the diffusivity of Cu and O in the thin oxide layer is lower than that in the CuO and Cu 2 O layers and the thickness of the thin oxide layer is constant during oxidation. After covering the whole surface with the Cu-oxide scale, it is thought that the oxidation kinetics transfer from the linear rate law to the parabolic rate law as the result of the specimen annealed at 1273 K in Ar atmosphere shown in Fig. 4 . Further works for understanding the details of the oxidation mechanism with the protective thin Al 2 O 3 layer on the Cu-Al dilute alloys should be required and will be reported later.
From the above mentioned results, it should be noted that the oxidation resistance of Cu-Al dilute alloys with a low content of Al such as 0.2 mass%Al can be exactly improved by the formation of the protective thin Al 2 O 3 layer through the pre-oxidation treatment of the alloys under very low oxygen pressures. In addition to the improvement in oxidation resistance, a decrease in the resistivity of Cu-Al dilute alloys after the pre-oxidation treatment could be expected due to a decrease in Al content of the alloys by consuming of Al to the formation of external Al 2 O 3 layer. 8, 14) 
Conclusions
The formation of Al 2 O 3 thin layer on Cu-Al dilute alloys (Al: 0.2, 0.5, 1.0 and 2.0 mass%) by pre-treatment and the effect on the oxidation resistance was investigated. The results are summarized as follows.
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